Gripping and holding objects are key tasks for robotic manipulators. The development of universal fingers able to pick up unfamiliar objects of widely varying shapes and surfaces is a very challenging task. Passively compliant underactuated mechanisms are one way to obtain the finger which could accommodate to any irregular and sensitive grasping object. The aim of the underactuation is to use the power of one actuator to drive the open and close motion of the finger. The underactuation can morph shapes of the finger to accommodate to different objects. As a result, the underactuated fingers require less complex control algorithms. The fully compliant mechanism has multiple degrees of freedom and can be considered as an underactuated mechanism. This paper presents a new design of the adaptive underactuated compliant finger designed by topology optimization. The main points of this paper are in explanation of kinetostatic analysis of the proposed finger structure using approximate rigid-body model with added concentrated compliance in every single joint of the finger. The results can be used as estimation for gripping force or finger displacement.
Introduction
Significant efforts have been made to find robotic finger designs simple enough to be easily built and controlled, in order to obtain practical systems. To overcome the limited success of the early designs, a special emphasis has been placed on the reduction of the number of the finger's degrees of freedom, thereby decreasing the number of actuators. The strategy for reducing the number of actuators while keeping the finger capability to adapt its shape to the grasped object (in order to increase the number of contact points) is referred to as underactuation. Papers [1] [2] [3] [4] [5] [6] [7] [8] show that underactuation allows reproducing most of the grasping behaviors of the human hand, without augmenting the mechanical and control complexity. Due to the multiple degrees of freedom and passive behavior, any compliant mechanism can be considered as an underactuated mechanism [9] [10] [11] [12] [13] [14] , that is, with fewer actuators than degrees of mobility. Finger compliance allows the finger to passively conform to a wide range of objects while minimizing contact forces.
To take full advantage of the dexterity offered by multipurpose hands, it is needed to be able not only to analyze a grasp but also to synthesize it. In other words, the grasps would be planned that have such features as force closure, feasibility, reachability, compliance, equilibrium, and stability.
Grasping is a form closure when positive combination of contact forces derived from frictionless contacts can resist perturbation forces. Form closure can be defined solely in terms of mobility without specifying contact forces at all. A grasp on an object is a force closure grasp if and only if 
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compliance in every single joint of the finger. The results can be used as estimation for gripping force or finger displacement. it can exert arbitrary force and moment on the object by pressing the finger tips against this object [15] . Equivalently, any arbitrary motion of the object will be resisted by a contact force from the fingers, which means that the object cannot break contact with the finger tips without some nonzero external work. That is, the total freedom of the object is zero. Force closure is only one necessary condition for grasp synthesis.
The screw theory [16, 17] can be used to do contact analysis of the robotic fingers. Screw theory uses a matrix representation to describe, for any mating features, the part's degrees of freedom (twist matrix) and the directions along which the contact forces react (wrench matrix). From these screw-matrices it is possible to individuate the exact contact conditions of parts into the assembly. Distribution of a load wrench between multiple robotic subsystems as the legs of a walking vehicle or fingers of multifingered hand was discussed in [18] . Such a model is particularly relevant to the analysis of multiple cooperating arms in direct contact with a passive object where the end-effector of each arm is independently controlled to automatically maintain force closure at the contact. In [19] [20] [21] was analyzed detection of intrusion of multi-agent systems. In [22] , a framework for the analysis of frictionless rigid-body interactions was presented. A deeper understanding of the projective approach to the kinetostatic analysis of robot manipulators with arbitrary topology was gained in [23] , extending the method presented in [22] for the kinetostatic analysis of serial and parallel manipulators.
In this paper, a new design of the adaptive robotic finger with fully distributed compliance will be presented at the beginning. The optimal topology structure of the adaptive finger is obtained by optimality criteria method using mathematical programming technique [24] [25] [26] [27] . Afterwards, the rigid-body counterpart of the compliant finger mechanism will be designed. Due to large deflection of the compliant finger mechanism, the finger kinetostatic analysis would require very strong nonlinearities which are impractical and very complicated process. The key goal of this investigation is to establish an approximated kinetostatic model of the rigid-body finger mechanism using screw theory. By the kinetostatic analysis, the finger contact forces could be estimated. The instantaneous motion of a grasped object is described by a twist. A twist is a spatial vector which captures both the angular and linear displacement of the object. Wrenches are used to describe the system of finger forces and moments exerted on the grasped object. Figure 1 shows the target functions for optimization process of the finger mechanism for two grasping shapes of object, convex (Figure 1(a) ) and concave ( Figure 1(b) ). The target functions (target grasping shapes) are concave and convex. The design domain for the unknown mechanism is shown as well.
Finger Structure Topology
Topology optimization of compliant mechanisms can be performed based on continuum, as well as truss and frame, discretization. Here, the continuum discretization was used. The goal of the topology optimization problem is to design a structure that converts an input displacement on a prescribed output displacement. To be able to transfer work from the input port to the output port, the displacement must be performed in a structurally efficient way. Here, the finger contact points with object were assumed to be fixed.
Assuming that the input is a linear strain based actuator, it can be modeled by a spring with stiffness 1 and force 1 . The input port has input displacement 1 . The goal of the optimization problem is to maximize output displacement 2 (or force or work) performed on a work piece modeled by a spring with stiffness 2 . By specifying different values of 2 , the output displacement amplification can be controlled. If a low value of 2 is specified, the large output displacements can be obtained and vice versa. In order to maximize the work on the output spring, the available material must be distributed in the structurally most efficient way [20] . The design domain is shown in Figure 2 . Here, a unit force ( 1 ) is applied to the input spring on the right. Therefore, the objective is to maximize the displacement at the output spring ( 2 ). Since the adjoint method is used to calculate the sensitivity of 2 , it is necessary to use two load cases. This means that is a matrix with two columns,
, where the first column contains force 1 that is applied to node 1 at the input spring and the second column contains the unit virtual load 2 , applied to node 2 at the output spring, which effectively "extracts" the displacement at the output spring. The global displacement matrix also consists of two columns, = [ 1 , 2 ]. Here, it can be seen that the contact point becomes the support during the optimization process ( Figure 2 ).
The optimal finger structure topology obtained by optimality criteria method is shown in Figure 3 . The finite element discretization was 60 × 40 and volume fraction was 0.5. Here it can be seen that the obtained finger structure has distributed compliance, so it is not needed to implement additional constrains in the optimization procedure. The finger behavior verification is shown in Figure 4 for both grasping shapes, convex (Figure 4 To investigate the behavior of the compliant underactuated adaptive finger, many FEM simulations were performed. According to the FEM simulations, the finger structure was slightly altered [28] [29] [30] [31] .
The entire FEM analysis was performed in ABAQUS software with following parameters and characteristics: According to the performed FEM simulations, it was proven that the finger could accommodate to the two main target grasping shapes of the objects: a convex ( Figure 5(a) ) and a concave ( Figure 5(b) ) grasping shape. Input displacement (red arrow) is also depicted in Figure 5 .
According to the obtained compliant finger topology the rigid-body counterpart mechanism was designed ( Figure 6 ). The rigid-body finger mechanism was composed of two four-bar crank mechanisms, one for each of the two finger phalanges. Since the rigid-body finger mechanism has more degree of freedom than the number of inputs (one), torsional springs were added in each of the finger joint ( Figure 7 ).
Screw Theory
Screw theory, already known at the beginning of 20th century, is particularly suitable for the kinetostatic analysis of a rigidbody. This theory is based on the well-known theorems of Chasle and Poinsot [16, 17] .
Chasle's theorem: a motion of a rigid-body can be represented by a rotation of the body around an instantaneous screw axis and translation along the same axis.
Poinsot's theorem: any system of forces and moments (generalized forces) acting on a rigid-body can be uniquely replaced by one force and one moment. This force will be located along the same instantaneous screw axis around which the moment acts.
Twist and wrench are fundamental concepts of the screw theory and describe motion and force. A twist is a screw, which describes to first order the instantaneous motion of a rigid-body. It is a unified representation of the translational and rotational velocity. The first triplet represents the angular velocity of the body with respect to a global reference frame. The second triplet represents the linear velocity V, in the global reference frame, of the point of the body that is instantaneously superimposed to the origin of the global reference frame:
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A wrench is a screw, which describes the resultant force and moment of force system acting on the rigid-body. The first triplet represents the resultant force in a global reference frame, while the second triplet represents the resultant moment of the force system about the origin of global frame:
A screw is an ordered set of two triplets and represents indistinctly a twist or a wrench. This unified representation can be realized thanks to the structural similitude of twists and wrenches: the first triplet (angular velocity/force) represents a linear vector (rotation axis direction/force acting line); the second triplet (linear velocity/moment) represents a free vector. The only point associated with the screw is that whose velocity is represented in the twist or that to which the moment is evaluated. A twist matrix is a matrix representation of a set of twists, each one represented by a row of the matrix. The matrix has dimension ( × 6), while its image has dimension equal to the matrix rank. From a physical point of view, the matrix image is the set of all the independent motions that the body or the joint can support. In the same way, a wrench matrix can be defined.
Reciprocity is the most useful property of the screw theory. A twist = [ V] and a wrench = [ ] are reciprocal if * + * V = 0; that is, the virtual work of the wrench along the directions of the twist is null (mathematically speaking, the twist matrix is the complementary space of the wrench matrix).
If two constrained parts are rigid, if the surface contact is frictionless, and if the contact between the parts does not break, then twist and wrench associated with the constraint are reciprocal. This property permits to move easily from the twist matrix image to the wrench matrix image and vice versa.
The calculation of the reciprocal of a screw matrix consists in two operations: (I) calculating the transpose matrix of the null of the screw-matrices and (II) changing the first three elements with the second three ones (flip operation). This operation is necessary in order for the elements of the resulting wrench to come out in the order [ ]. Screw theory provides a complete method for determining the mathematically exact kinematic state of assemblies.
It can be used to analyze the state of motion and constraint in assemblies joined by arbitrary combinations of assembly features. Through both twist matrix and wrench matrix, it is possible to individuate the exact constraint conditions of parts into the assembly.
Kinetostatic Analysis
Underactuated fingers generally use elastic elements in the design of their unactuated joints. Thus, one should rather think of these joints as uncontrollable or passively driven instead of unactuated. In underactuated fingers, the actuation wrench is applied to the input of the finger and is transmitted to the phalanges through suitable mechanical elements, for example, four-bar linkages. Passive elements are used to kinematically constrain the finger and ensure the shape-adaptation of the finger to the object grasped. The rigid-body counterpart of underactuated two-phalanx finger considered in this paper and all important parameters are illustrated in Figure 7 . The actuation torque is applied to the first link which transmits the effort to both phalanges.
A simple kinetostatic model for the rigid-body counterpart of the proposed adaptive finger with compliant joint can be obtained by adding springs to every joints of the finger. A grasp state is defined as the set of the geometric configurations of the finger and the contact locations on the phalanges necessary to characterize the behavior of the finger. Static model of the finger is built to obtain generic grasping forces exerted by the phalanges where some notations are used: (xvi) Δ : the th joint coordinate relative to the rest configuration +1 − .
To determine the distribution of the contact forces depending on contact point locations and the joint torques inserted by springs, the friction must be ignored and grasping object has to be fixed. The contact forces are established for the separate proximal and distal models presented in Figure 8 with the kinetostatic analysis.
The input and the output virtual powers of the finger should be equated as * = * , → no influence-very small changing, → stiffness of the torsional spring associated with .
Contact point velocities for both phalanges can be expressed as the product of a Jacobian matrix and the derivatives of the phalanx joint coordinates; that is,
where
Therefore the contact point velocities for both phalanges can be expressed as 
where 11 = 1 ,
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Due to four-bar linkages as transmission mechanisms in both finger phalanges (Figure 8 ), the principle of transmission of instantaneous angular velocities [32] gives the angular velocity ratio of every linkage. By superposition for given four-bar linkage and using the principle of instantaneous angular velocities can be obtained, 
The first row in the matrix represents the finger mechanism without compliance, that is, only with added spring in one joint to ensure coherent motion. Expressions in the other rows represent added compliance in the other finger joints. For noncompliant mechanism, there are expressions only in the first row. Matrix relates vector to the time derivatives of the phalanx joint coordinates as
Using previous equations, the grasping forces vector can be expressed as
and the following expression can be obtained: 
By some trigonometric manipulations with the instantaneous centers of rotation for the four-bar linkages, the following relationships can be obtained:
Finally, the grasping forces on the phalanges are expressed as function of all angles, inserted spring torques in every joint and phalanx contact distances: The result reveals that the grasping forces are linear functions of joint torques determined by the finger configuration and the contact locations on the phalanges. Note that 4 is absent in the expression of grasping forces.
Classification of Grasp Patterns
Four main grasp patterns in total can be summarized. They are mainly dictated by the shape and the size of the object grasped. To illustrate the typical scenario of each pattern, a convex object is grasped by the finger in Figure 9 . Assumption is taken that equilibrium is established between the finger and forces from the opposite direction of another symmetrically positioned finger which is not shown. The patterns are classified according to the number of activated phalanges in contact with the object and the relationship between the two phalanges in equilibrium. Pattern A: only the input phalanx contacts the cylinder and the coupling ratio (displacement transfer) between the two phalanges does not change (Figure 9(b) ).
Pattern B: the first driving bar rotates while the input phalanx is still in contact with the cylinder. The coupling ratio between the two phalanges begins to change.
Pattern C: the equilibrium is built in a two-phalanx grasp. The input phalanx is blocked. The distal phalanx contacts the object and the coupling ratio changed (Figure 9(c) ).
Pattern D: the distal phalanx is blocked while the second driving bar rotates to its mechanical limited position and the coupling ratio changed (Figure 9(d) ).
Results of the Kinetostatic Analysis
Kinetostatic analysis was performed for contact point positions in the middle of both finger phalanges. Figure 10 shows the relationships of the contact forces as function of input driving bar angle. As can be seen, in the beginning of gripping process, the first finger phalange gets in contact with object. The contact force on the first phalange is almost constant since during the first period finger only pushes the grasping object since it was unfixed. Until some point when the object is fixed the contact force begins to increase. The contact force on the first phalange increases when the grasping object was fixed. The increasing period lasts until the second phalange is activated and the finger coupling ratio is changed. First phalange contact force decreases due to the finger relaxation since the second phalange takes some part of thecontact force. It can be seen that the second contact force only increases.
The finger contact forces as function of the contact point position of both finger phalanges are presented in Figure 11 . It can be noticed that the maximum contact force for the both finger phalanges occurred when the contact point positions are between 15 and 20 mm for the first phalange and between 0 and 5 mm for the second phalange. It means that the maximum contact forces were in the middle of the finger.
Finger contact forces as function of joint spring torques are presented in Figure 12 . It is interesting that the first contact force decreases only when the spring torque (spring stiffness) at joint 3 increases.
Experimental Contact Forces Estimation
After the presented kinetostatic analysis of the finger structure, the contact forces for both finger phalanges were experimentally measured by software WorkingModel. Figure 13(a) shows rigid-body gripper model designed in WorkingModel. Contact position on the first phalange was fixed (in the middle of the phalange) and the contact position on the second phalange was different in relation to the grasping object size. Figure 13(b) shows relation of the maximal contact forces for the both phalanges in depend on contact positions. Similarity of the experimental relations and theoretically obtained graphics can be noted (Figure 11) .
FEM simulation was conducted on the compliant finger to compare the result to the kinetostatic analysis. Figure 14(a) shows the comparison of the obtained curves of the contact forces on the first phalange for kinetostatic analysis of the rigid model of the finger (red line) and FEM simulation of the compliant finger (blue dotted line). The FEM simulation was performed for cylindrical grasping object ( = 25 mm). During the simulation contact force 1 was tracked since the contact force 2 is not active. The contact force 1 was obtained only in one contact point (Figure 14(b) ). After the comparison of the curves, the similarity of both contact force curves can be seen.
Conclusion
Handling irregular, unpredictably shaped, and sensitive objects introduces demands to finger flexibility and dexterity. Reaching the dexterity and adaptation capabilities requires the control of a lot of actuators and sensors. The dexterity can also be obtained by underactuation, which consists in equipping the finger with fewer actuators than the number of degrees of freedom. The flexibility can be reached by introduction of compliant mechanisms with distributed compliance, that is, fully compliant mechanisms. The combination of the underactuation and the compliant mechanisms leads to a finger with high adaptability and sensitivity. The main advantages of the compliant underactuated finger are its distributed compliance, simple manufacturing process, low cost, and easy adaptation to any irregular object. The observed contact forces which are very small could be useful for sensitive object manipulation (glass objects). Another characteristic of compliant underactuated fingers is the elasticity of the structure which ensures soft contact between the finger and the grasped object, for example, sensitive grasping. The finger topology was obtained by optimality criteria method. Afterwards the obtained finger structure was improved by many FEM simulations. Structural topology of the finger mechanism enables finger accommodation to any grasping object. Kinetostatic analysis for the designed compliant finger was established by two-phalanx linkage-driven underactuated rigid finger with inserted concentrated compliance in all of its joints. Both finger phalanges were designed as four-bar linkage mechanism. The method to obtain the analytical expressions of the contact forces generated by this type of finger was emphasized. What arises from the results presented in the paper is a significant increase in the complexity of the analysis: the kinetostatic expressions become rapidly cumbersome. The thorough analysis of underactuated fingers without compliance is already challenging and adding compliance only increases this challenge.
